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The earthworm gut is an anoxic nitrous oxide (N2O)-emitting microzone in aerated soils. In situ conditions
of the gut might stimulate ingested nitrate-reducing soil bacteria linked to this emission. The objective of this
study was to determine if dissimilatory nitrate reducers and denitrifiers in the alimentary canal were affected
by feeding guilds (epigeic [Lumbricus rubellus], anecic [Lumbricus terrestris], and endogeic [Aporrectodea
caliginosa]). Genes and gene transcripts of narG (encodes a subunit of nitrate reductase and targets both
dissimilatory nitrate reducers and denitrifiers) and nosZ (encodes a subunit of N2O reductase and targets
denitrifiers) were detected in guts and soils. Gut-derived sequences were similar to those of cultured and
uncultured soil bacteria and to soil-derived sequences obtained in this study. Gut-derived narG sequences and
narG terminal restriction fragments (TRFs) were affiliated mainly with Gram-positive organisms (Actinobac-
teria). The majority of gut- and uppermost-soil-derived narG transcripts were affiliated with Mycobacterium
(Actinobacteria). In contrast, narG sequences indicative of Gram-negative organisms (Proteobacteria) were
dominant in mineral soil. Most nosZ sequences and nosZ TRFs were affiliated with Bradyrhizobium (Alphapro-
teobacteria) and uncultured soil bacteria. TRF profiles indicated that nosZ transcripts were more affected by
earthworm feeding guilds than were nosZ genes, whereas narG transcripts were less affected by earthworm
feeding guilds than were narG genes. narG and nosZ transcripts were different and less diverse in the
earthworm gut than in mineral soil. The collective results indicate that dissimilatory nitrate reducers and
denitrifiers in the earthworm gut are soil derived and that ingested narG- and nosZ-containing taxa were not
uniformly stimulated in the guts of worms from different feeding guilds.

Earthworms have a profound impact on the structure and
fertility of soils and occur in three feeding guilds (6, 17).
Epigeic earthworms (e.g., Lumbricus rubellus) feed preferen-
tially on litter, live above the mineral soil, rarely form burrows,
and take up minor amounts of soil. Anecic earthworms (e.g.,
Lumbricus terrestris) feed on organic residues, build deep ver-
tical burrows into the mineral soil, and ingest medium amounts
of soil. Endogeic species (e.g., Aporrectodea caliginosa) build
predominantly horizontal burrows and ingest large amounts of
mineral soil and humified material.

An important feature of the earthworm relative to its eco-
logical function is its alimentary canal, an anatomical structure
that constitutes a transient mobile anoxic microzone for in-
gested soil microbial biomes in aerated soils (16). The abun-
dances of cultivable fermenters and nitrate reducers are up to
three orders of magnitude higher in the earthworm gut than in
preingested soil (16, 32, 33, 34). The dissimilatory reduction of
nitrate (i.e., the reduction of nitrate to nitrite or ammonium) is
often facilitated by fermentative organisms (70) and occurs in
habitats subject to anoxia and a high level of availability of
organic carbon (71), conditions characteristic of the earth-
worm gut (13, 16, 29, 33, 75). Denitrification (i.e., the reduction

of nitrate or nitrite to a nitrogenous gas), the dissimilatory
reduction of nitrate, and fermentations appear to occur in the
earthworm gut, and nitrous oxide (N2O), dinitrogen (N2), and
molecular hydrogen (H2) are emitted in vivo (29, 31, 32, 34, 42,
75, 76). On a dry weight basis, earthworms can emit much
larger amounts of N2O than soils (12, 29, 31, 32, 34, 42, 75, 76).
The burrowing activities and feeding habits of earthworms, as
well as in situ soil conditions, can influence the emission of
nitrogenous gases from soils inhabited by earthworms (3, 5, 34,
40, 42, 54).

Denitrification is carried out by several oxidoreductases, i.e.,
dissimilatory nitrate reductase (encoded by either narGHI or
napAB), nitrite reductase (encoded by nirK and nirS), NO
reductase (encoded by norBC), and N2O reductase (encoded
by nosZ) (50, 77). Dissimilatory nitrate reducers also possess
nitrate reductases, most of which are encoded by narGHI (45).
Thus, denitrifiers and dissimilatory nitrate reducers can be
evaluated by analyzing narG (11, 14, 20, 26, 46, 49), whereas
only denitrifiers are targeted by analyzing nosZ (30, 52, 58, 65,
66, 67, 76).

The capacity of earthworms to emit nitrogenous gases is
primarily linked to denitrifiers in the alimentary canal (30, 31,
34, 42, 76). However, cultured dissimilatory nitrate reducers
outnumber cultured denitrifiers in gut contents (32), suggest-
ing that dissimilatory nitrate reducers might influence in vivo
emission of N2O by their capacity to compete with denitrifiers
for nitrate. Active nitrate-reducing taxa in the earthworm ali-
mentary canal have not been identified, and although there is
evidence indicating that the composition of gut taxa might be
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influenced by earthworm feeding guilds (1, 39, 69), the poten-
tial effect of feeding guilds on the diversity and activities of
nitrate-reducing taxa remains largely unknown. Thus, the
structural gene markers narG and nosZ were used in this study
to elucidate dissimilatory nitrate reducers and denitrifiers in
the earthworm alimentary canal of three earthworm feeding
guilds and surrounding soils at both gene and gene transcript
levels. The two hypotheses addressed were as follows: (i) soil-
derived dissimilatory nitrate reducers and denitrifiers are acti-
vated in the earthworm alimentary canal; and (ii) earthworm
feeding guilds influence this activation.

MATERIALS AND METHODS

Field sites and sampling. Soils and specimens of A. caliginosa, L. terrestris, and
L. rubellus were collected in spring 2007 (narG libraries), late summer 2008
(nosZ libraries), and early winter 2008 (narG and nosZ transcript libraries;
terminal restriction fragment length polymorphism [TRFLP] analyses) from the
meadow Trafo Wiese near Bayreuth, Germany, that is described elsewhere (29).
Worms were collected and identified by standard protocols (7, 33, 42, 55). Soil
samples were taken from the surface (uppermost soil, including decaying organic
material) and from a depth of 15 cm (mineral soil). Worms and soils were stored
in the dark for 1 h at 5°C before use.

Extraction of nucleic acids, reverse transcription of RNA, and amplification of
narG and nosZ. Earthworms (6 to 18 specimens per worm species) were washed,
sedated with CO2, sacrificed by brief immersion in 70% ethanol, and dried under
oxic conditions (33, 34). Alimentary canals were dissected, and RNA and DNA
were coextracted from an approximately 0.5-g sample by bead-beating lysis,
organic solvent extraction, and precipitation (27). The separation of RNA and
DNA was performed with a Qiagen RNA/DNA minikit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s protocol. The absence of DNA in RNA
fractions was indicated by the inability to gain a narG or nosZ PCR product
under the conditions described below. Reverse transcription of RNA into cDNA
was performed with a SuperScript Vilo cDNA synthesis kit (Invitrogen, Carls-
bad, CA) using approximately 50 ng of RNA per 20 �l of reaction mixture and
random hexamers for 10 min at 25°C, 120 min at 42°C, and 5 min at 85°C with
a TGradient cycler (Biometra, Göttingen, Germany). PCR amplification was
performed with primers narG1960f/narG2650r (5�-TAY GTS GGS CAR GAR
AA-3�; 5�-TTY TCR TAC CAB GTB GC-3� [49]) and nosZF/nosZR (5�-CGC
TGT TCI TCG ACA GYC AG-3�; 5�-ATG TGC AKI GCR TGG CAG AA-3�
[52]) (Biomers GmbH, Ulm, Germany). Each 25-�l PCR mixture contained 10
�l of 5 Prime MasterMix (�2.5) (5 Prime, Hamburg, Germany), 2 �l of bovine
serum albumin (30 �g �l�1), 1 �l of additional magnesium chloride (25 mM), 1.5
�l of each primer (100 pmol �l�1 for narG and 10 pmol �l�1 for nosZ), 8 ml of
double-distilled H2O, and 1 �l each of DNA and cDNA, respectively. Each PCR
was carried out with an initial denaturation (95°C, 8 min). Terminal elongation
was for 10 min at 72°C; denaturation and elongation of each PCR and each cycle
were performed at 95°C (1 min) and 72°C (2 min), respectively. For narG, the
annealing temperature was lowered stepwise from 56°C to 52°C in 8 precycles,
followed by 35 cycles with the annealing temperature at 52°C. narG PCR prod-
ucts were not obtained with cDNA samples, and conditions for cDNA were
switched to 45 cycles with the annealing temperature at 58°C. For nosZ, the
annealing temperature was lowered stepwise from 58°C to 52°C in 12 precycles,
followed by 30 cycles with the annealing temperature at 52°C.

Cloning, sequencing, and sequence analysis. narG and nosZ PCR products
were electrophoresed on agarose gel (1%), excised, purified with a Montage gel
extraction kit (Millipore Corp., Billerica, MA) according to the manufacturer’s
protocol, and ligated into pGEM-T vectors (Promega, Mannheim, Germany).
Competent cells of Escherichia coli JM109 were transformed with the vector
(protocol per manufacturer’s instructions; Promega, Mannheim, Germany).
narG and nosZ inserts were amplified with primers M13uni (5�-GTA AAA CGA
CGG CCA G-3�) and M13rev (5�-CAG GAA ACA GCT ATG ACC-3�) (43).
The conditions were 10 min for denaturation at 95°C and 35 cycles with 1 min at
95°C, 45 s at 50°C, and 90 s at 72°C. The final elongation step was 10 min at 72°C.
Aliquots of the PCR product were electrophoresed on agarose gel (1%) to check
for inserts of the right length. Clones with the correct insert were chosen ran-
domly and selected for sequencing at Macrogen (Seoul, South Korea). Analyses
of narG and nosZ sequences were performed with MEGA4 (68) and BLAST
(http://blast.ncbi.nlm.nih.gov/). DOTUR 1.53 was used for defining species level
genotypes (i.e., operational taxonomic units [OTUs]) (59). Except for TRFLP
analysis, all phylogenic and statistical analyzes were performed with amino acid

sequences obtained by translation of narG and nosZ sequences. Threshold dis-
similarity values of 41% and 14% of amino acid sequences were used for defining
species level OTUs for narG and nosZ, respectively (48). These threshold dis-
similarity values were chosen because comparative sequence analyses of narG
and nosZ with 16S rRNA genes indicated that these values correspond with 90%
probability to a 16S rRNA sequence similarity of �97% (48), a conservative
estimate for species level differentiation (64). DOTUR 1.53 was used for assess-
ing coverage, richness (average of the richness estimators Chao1, ACE, jack-
knife, and bootstrap with a standard deviation), and diversity (Shannon-Weaver
diversity index, Simpson’s diversity index, Simpson’s reciprocal index). Evenness
was calculated as the Shannon-Weaver diversity index divided by the natural
logarithm of the calculated genotype number (51) at species level OTU threshold
dissimilarity values of 41% and 14% for narG and nosZ, respectively.

Phylogenetic analysis. Phylogenetic trees were calculated from aligned amino
acid sequences (ClustalW; alignment was manually refined) with MEGA4 (68)
using the neighbor-joining method (56) with a bootstrap test (10,000 replicates)
(22). All positions containing alignment gaps and missing data were eliminated
only in pairwise sequence comparisons (pairwise deletion option).

TRFLP analysis. narG and nosZ gene fragments were amplified with the
fluorescently labeled primers narG1960f-DY681 and nosZF-DY681 (Biomers
GmbH, Ulm, Germany), respectively. Triplicate PCRs were carried out for each
sample. PCR products were run on an agarose gel (1%). Gel-purified DNA
(Montage gel extraction kit; Millipore Corp., Billerica, MA) was digested with
mung bean nuclease (New England Biolabs, Frankfurt/Main, Germany) accord-
ing to the manufacturer’s protocol to reduce the probability of single-stranded
DNA causing pseudoterminal restriction fragments (18). PCR products were
purified (Montage gel extraction kit) and digested with the restriction enzyme
BanI (New England Biolabs, Frankfurt/Main, Germany) or MaeIII (Roche Di-
agnostics GmbH, Mannheim, Germany) for narG and with HhaI (New England
Biolabs, Frankfurt/Main, Germany) for nosZ according to the manufacturers’
protocol but with 3 units and a 16-h digestion step in a reaction volume of 10 �l.
TRFLP analysis was performed on a Nen 4300 DNA analyzer (Li-Cor, Lincoln,
NE). The polyacrylamide gel consisted of 15 g of urea (Roche Diagnostics
GmbH, Mannheim, Germany), 3.75 ml of 40% acrylamide–bis solution (37.5:1;
Bio-Rad, Hercules, CA), 6 ml of Tris-borate-EDTA buffer (54 g of Tris, 27.5 g
of boric acid, 20 ml of 0.5 M EDTA [pH 8.0], and double-distilled H2O to 1,000
ml), and 3.25 ml of double-distilled H2O. A bind-silane solution (1:1 ratio of
bind-silane [PlusOne; GE Healthcare, Piscataway, NJ] and 10% acetic acid) was
applied to the glass plates for stabilization of the comb region of the gel.
Electrophoresis was performed for 3 h at 1,500 V and 45°C. Gels were analyzed
with GelQuest (version 2.6.3; SequentiX, Klein Raden, Germany). Mean values
and standard deviations were calculated from triplicate analyses of each sample.
All terminal restriction fragments (TRFs) with a relative fluorescence of �3%
for at least one sample were used for analysis, and their collective relative
fluorescences were set as 100%. TRFs were assigned to genotypes by in silico
analysis (MEGA4 [68]). TRFLP analysis of the narG transcript with BanI mainly
yielded TRFs that were too small to evaluate and were dissimilar to narG TRFs
(data not shown). Principal-component analyses of narG and nosZ TRFs were
performed with RapidMiner.

Nucleotide sequence accession numbers. The sequences obtained in this study
are available from the EMBL nucleotide sequence database under accession
numbers FN859458 to FN859704 (narG), FN859705 to FN859774 (nosZ), and
FN859874 to FN859960 (nosZ).

RESULTS

Diversity and phylogeny of narG and narG transcripts. A
collective total of 247 narG fragments and narG transcript
fragments were retrieved from alimentary canal and soil sam-
ples, forming 9 species level OTUs at an amino acid sequence
dissimilarity of 41% (48) (Fig. 1). This species level cutoff value
is very conservative, and the real number of species is assumed
to be higher, as evidenced by the large number of known
species affiliated with certain OTUs (e.g., OTUs 3 and 7 [Fig.
1]). The 139 narG sequences (82 from soil, 57 from gut) were
distributed in 8 OTUs. Soil- and gut-derived gene sequences
were each distributed in 5 OTUs. The 108 narG transcripts (26
from soil, 82 from gut) were distributed in 4 OTUs. Soil- and
gut-derived transcripts were each distributed in 3 OTUs.
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FIG. 1. Phylogenetic tree of representative narG sequences obtained from earthworms and soil and the related narG sequences. Sequences
obtained in this study are in bold, and accession numbers are in parentheses. The tree is based on 215 translated amino acids. The percentages
of replicate trees in which the associated taxa clustered together in the bootstrap test (10,000 replicates) are shown next to the branches (values
below 50% are masked) (22). The table shows the origin of sequences in each cluster (shaded text) as calculated with DOTUR 1.53. Abbreviations:
G, gut; AC, A. caliginosa; LT, L. terrestris; LR, L. rubellus; MS, mineral soil; US, uppermost soil.
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Coverage for all narG libraries approximated 100% (Table
1). The estimated richness of all narG sequences (i.e., 10
OTUs) was only slightly higher than that of the 9 species level
OTUs (Table 1 and Fig. 1). The predicted numbers of OTUs
for gene and transcript sequences were 8 and 4, respectively.
Diversity indices (e.g., Shannon-Weaver) for narG differed
minimally between gut-derived sequences and soil-derived se-
quences (Table 1). In contrast, diversity indices for narG tran-
scripts were higher for soil-derived sequences than for gut-
derived sequences.

narG sequences were affiliated with sequences of Gram-
negative genera (e.g., Acidovorax, Azorhizobium, Oligotropha,
Methylobacterium, Geobacter, and Thermus [OTUs 6 to 9]) and
Gram-positive genera (i.e., Actinobacteria; e.g., Mycobacterium,
Rhodococcus, Arthrobacter, Microbacterium, Beutenbergia, Jani-
bacter, and Rubrobacter [OTUs 1 to 5]) that are common to
soils (Fig. 1). Most (i.e., 233 out of 247) narG sequences had
the highest levels of similarity to those of uncultured soil bac-
teria and occurred in shared OTUs (i.e., OTUs that contained
both soil- and gut-derived sequences), suggesting that narG
sequences retrieved from the earthworm gut originated pri-
marily from ingested soil bacteria.

Most narG sequences from soil were affiliated with OTUs of
Gram-negative bacteria (mainly OTU 7), whereas narG se-
quences from the gut occurred more evenly in OTUs of both
Gram-negative bacteria and Actinobacteria (Fig. 1). OTU 1
(Mycobacterium) contained the majority of narG transcripts,
and sequences obtained from the gut and uppermost soil were
dominant. Mineral soil-derived narG transcripts clustered
mainly with OTUs 2, 3, and 7.

TRF patterns of narG and narG transcripts. A total of 13
narG TRFs were obtained (Fig. 2A). TRFs of the three earth-
worm feeding guilds were highly overlapping (i.e., were more
similar than dissimilar), with the bulk of the sequences occur-

ring in TRFs 91 bp (primarily indicative of OTUs 2 and 3), 104
bp (primarily indicative of OTU 3), 458 bp (OTU 7), and 632
bp (could not be assigned to an OTU) (Fig. 2A; see also Table
S1 in the supplemental material). narG TRFs from mineral
and uppermost soils were dissimilar (Fig. 2A and 3A). Certain
dominant TRFs in mineral soil (i.e., TRFs 168 bp, 190 bp, and
243/245 bp, all indicative of OTU 7) were apparent only in A.
caliginosa. Significant differences between narG TRFs from
crop/gizzard and those from gut were not apparent. Of the
assignable narG sequences, those of Actinobacteria were dom-
inant in all three feeding guilds and moist, uppermost soils,
whereas Gram-negative bacteria were dominant in drier min-
eral soils and were also detected in the gut of the endogeic
earthworm A. caliginosa.

A total of 15 narG transcript TRFs were obtained (Fig. 4A).
narG transcript TRFs from all three feeding guilds were sim-
ilar, whereas narG transcript TRFs from mineral and upper-
most soils were dissimilar (Fig. 3B and 4A). TRF 357 bp (OTU
1; see Table S2 in the supplemental material) was dominant in
all three feeding guilds and in uppermost soils. In contrast, the
most dominant TRFs in mineral soils were 573 bp (OTU 7),
560 bp (could not be assigned), and 127 bp (OTU 7). TRF
patterns corroborated the sequence data and revealed a high
level of prevalence of OTU 1 narG transcripts in gut and
uppermost-soil libraries, whereas sequences from mineral soil
were mostly affiliated with OTUs 2, 3, and 7. Gut samples from
A. caliginosa and L. terrestris showed highly similar narG tran-
script TRF patterns, whereas TRF 477 bp (OTU 4) was sig-
nificant only in the gut of L. rubellus (Fig. 4A).

Diversity and phylogeny of nosZ and nosZ transcripts. A
collective total of 157 nosZ fragments and nosZ transcript
fragments were retrieved from alimentary canal and soil sam-
ples, forming 26 species level OTUs at an amino acid sequence
dissimilarity of 14% (48) (Fig. 5). The 89 nosZ sequences (19

TABLE 1. Estimated genotypes, coverage percentages, and diversity indices of narG and nosZ amino acid sequences from the alimentary
canals of earthworms and from soilsa

Gene Library No. of
sequences

No. of
OTUs

Coverage
(%)

Diversity indices

Richness H´b Evenness 1/Dc

narGd DNA, guts 57 5 100 5 � 0 1.30 0.81 2.95
DNA, soils 82 5 100 5 � 0 1.16 0.72 2.33
cDNA, guts 82 3 100 3 � 0 0.55 0.50 1.45
cDNA, soils 26 3 100 3 � 0 1.06 0.97 3.00
DNA, total 139 8 99.3 8 � 0 1.41 0.68 2.67
cDNA, total 108 4 100 4 � 0 0.82 0.59 1.80

All narG sequences 247 9 99.6 10 � 0 1.57 0.71 3.75

nosZe DNA, guts 70 11 98.6 12 � 1 1.53 0.64 2.75
DNA, soils 19 8 84.2 10 � 1 1.84 0.88 6.33
cDNA, guts 39 9 92.3 11 � 1 1.74 0.79 4.72
cDNA, soils 29 13 72.4 20 � 3 2.08 0.81 5.64
DNA, total 89 15 95.5 17 � 1 1.78 0.66 3.23
cDNA, total 68 18 83.8 41 � 13 2.15 0.74 5.68

All nosZ sequences 157 26 92.4 66 � 48 2.15 0.66 4.30

a All calculations were carried out with DOTUR 1.53 and are based on amino acid sequences as described in Materials and Methods.
b H´, Shannon-Weaver diversity index.
c 1/D, reciprocal Simpson’s diversity index.
d narG at a species level cutoff value of 41% dissimilarity of amino acid sequences.
e nosZ at a species level cutoff value of 14% dissimilarity of amino acid sequences.
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from soil, 70 from gut) were distributed among 15 OTUs. Soil-
and gut-derived gene sequences were distributed among 8 and
11 OTUs, respectively. The 68 nosZ transcripts (29 from soil,
39 from gut) were distributed among 18 OTUs. Soil- and gut-
derived transcripts were distributed among 13 and 9 OTUs,
respectively.

Coverages for soil and earthworm nosZ libraries ranged
from approximately 72.4% to 84.2% and 92.3% to 98.6%,
respectively, with the collective coverage of all sequences ap-
proximating 92% (Table 1). The estimated richness of all nosZ
sequences yielded 66 OTUs, a much larger number than the 26
species level OTUs (Table 1 and Fig. 5). The predicted num-
bers of OTUs for gene and transcript sequences were 17 and
41, respectively. Diversity indices of nosZ and nosZ transcripts
were lower for the earthworm gut than for soil (Table 1),
suggesting that a restricted rather than a general stimulation of
soil-derived denitrifiers occurred in the earthworm alimentary
canal.

nosZ sequences were affiliated with Alphaproteobacteria
(e.g., genera Bradyrhizobium, Oligotropha, Sinorhizobium, and
Paracoccus), Betaproteobacteria (e.g., genera Bordetella, Cupri-
avidus, and “Lutiella”), and Pseudomonas stutzeri A1501, with
most sequences having the highest similarity to nosZ sequences
from uncultured soil bacteria. OTUs 1 and 11 were dominant
in nosZ sequences, whereas OTUs 1 and 3 were dominant in
nosZ transcripts. The closest relatives of OTUs 1, 3, and 11
were Bradyrhizobium japonicum USDA 110 and two uncul-
tured soil bacteria, respectively. Most (i.e., 134 out of 157)
nosZ sequences from gut and soil occurred in shared OTUs,
suggesting that nosZ sequences retrieved from the earthworm
gut originated primarily from ingested soil bacteria.

TRF patterns of nosZ and nosZ transcripts. A total of 8 nosZ
TRFs (Fig. 2B) and 10 nosZ transcript TRFs (Fig. 4B) were
obtained. For gut-derived TRFs, gene level TRF 352/355/357

bp (of which OTUs 1, 3, and 11 contained the highest numbers
of sequences [see Table S3 in the supplemental material]) was
dominant (51 to 65% relative fluorescences) in all worm spe-
cies (Fig. 2B), whereas this TRF at the transcript level was
variable (61%, 33%, and 2% relative fluorescences for A.
caliginosa, L. terrestris, and L. rubellus, respectively) (Fig. 4B).
In contrast, gut-derived TRF 52/54 bp (of which OTUs 1, 3,
and 11 contained the highest numbers of sequences [see Table
S3]) was less significant at the gene level (3 to 12% relative
fluorescences) than at the transcript level (15%, 28%, and 60%
relative fluorescences for A. caliginosa, L. terrestris, and L.
rubellus, respectively). Gut-derived TRF 47 bp (of which OTU
3 contained the highest number of sequences [see Table S3])
yielded higher relative fluorescences at the transcript level (10
to 24% relative fluorescences) than at the gene level (0 to 13%
relative fluorescences). TRF 258 bp (OTU 23) was detected
only in gut-derived transcripts from L. rubellus (10% relative
fluorescence) and L. terrestris (1% relative fluorescence). Al-
though minimal differences occurred between crop/gizzard-
and gut-derived gene level TRFs obtained from L. terrestris and
A. caliginosa, the relative fluorescence of TRF 47 bp was higher
for that derived from crop/gizzard (Fig. 2B and 3C). The col-
lective data indicate that TRF patterns of nosZ and nosZ
transcripts are distinct and that gut-derived TRF patterns from
L. rubellus are different from those from the other earthworm
species (Fig. 3C).

The two soil samples were similar at the gene level but
differed at the transcript level, especially in the case of TRF 47
bp, which yielded a high relative fluorescence (37%) in mineral
soil, and TRF 52/54 bp, which yielded a high relative fluores-
cence (31%) in the uppermost soil (Fig. 2B and 4B). nosZ
transcript profiles of both soils were more similar to those from
the guts of A. caliginosa and L. terrestris than to the nosZ
transcript profile from the gut of L. rubellus (Fig. 3C).

FIG. 2. TRFLP analysis of earthworm alimentary canal- and soil-derived narG and nosZ sequences. (A) narG (digestion was with BanI).
(B) nosZ (digestion was with HhaI). Abbreviations: CG, crop/gizzard; AC, A. caliginosa; LT, L. terrestris; LR, L. rubellus; MS, mineral soil; US,
uppermost soil. The legend shows the lengths of the TRFs. Shown are mean values (n � 3).
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DISCUSSION

Guts of the earthworm species evaluated in this study have
high capacities to reduce nitrate to nitrite and nitrogenous
gases (29, 31, 32, 34, 42, 75, 76). The detection of narG and
nosZ transcripts in earthworm alimentary canals (Fig. 1 and 5)
corroborate these capacities, and the phylogenic affiliations of
the detected transcripts suggest that dissimilatory nitrate re-
ducers and denitrifiers are active in the earthworm gut.

Selective stimulation. narG and nosZ transcripts were dif-
ferent and less diverse in the earthworm gut than in mineral
soil (Fig. 3, 4), suggesting that ingested narG- and nosZ-con-
taining taxa were not uniformly stimulated by the in situ con-
ditions of the earthworm gut. Detected community composi-
tions can differ between the earthworm gut and preingested
soil (19, 36), and bacteria isolated from earthworm casts can be
more capable of reducing nitrate than bacteria isolated from
bulk soil (24). Based on these collective observations together
with the assumed soil-derived origin of narG- and nosZ-con-
taining taxa detected in the present and previous studies (30,
76), one might speculate that a selective activation of ingested
microbiota rather than a substantial in situ growth of ingested
microbiota occurs during gut passage and that this activation
might enhance the cultivability of certain microorganisms (16,
32, 33, 34). Although this speculation is reinforced by the fact
that total cell counts increase only marginally if at all during
gut passage (60, 61, 74), this speculation must be qualified, as
certain ingested taxa (e.g., large pseudomonads [60, 61, 74])
are subject to degradation during gut passage. Thus, since
certain ingested taxa decrease in number due to degradation, it
seems likely that other ingested taxa are subject to at least a
minimum amount of replication during gut passage. Other-
wise, cell numbers of ingested material would decrease during
gut passage. Anoxia and nitrate induce denitrification by
model denitrifiers (e.g., P. stutzeri, Ralstonia [renamed Wauter-
sia ] eutropha, and B. japonicum [2, 49, 72]) and also regulate
the dissimilatory reduction of nitrate to nitrite by E. coli (4).
Thus, a potential stimulation of microbes capable of reducing
nitrate is likely linked to the in situ conditions of the earth-
worm alimentary canal, conditions that include anoxia, large
amounts of nitrate and nitrite, high moisture content, a nearly
neutral pH, and high-quality organic compounds such as sug-
ars and amino acids (13, 15, 16, 29, 33, 75).

Phylogeny of narG. narG and narG transcripts are related to
those of actinobacterial and proteobacterial taxa common to
soils (Fig. 1, 2A, and 4A). Indeed, narG sequences related
to those detected in this study have been retrieved from soil
(11, 14, 20, 49). Species of detected genera have been cultured
from earthworm gut contents and casts (9, 24, 28, 32, 37, 69).
Most narG transcripts retrieved from earthworm guts were
affiliated with Mycobacterium (Fig. 1 and 4A). Mycobacterium-
related narG sequences have been retrieved from soil (14, 49),
species of Mycobacterium can reduce nitrate to nitrite (73), and
mycobacterial species and other Actinobacteria occur in earth-
worm guts and casts and might be associated with gut walls (9,
23, 24, 37, 69). Furthermore, the percentages of Actinobacteria-
related 16S rRNA genes can be higher in earthworm gut and
cast than in soil (24, 47), accentuating the likelihood that
certain taxa are stimulated during gut passage. Mycobacterium
tuberculosis reduces nitrate to nitrite via a narG-containing

FIG. 3. Principal-component analyses of TRFs. (A) narG TRFs
(digestion was with BanI). A variance of 84.7% is covered by the x
(67.9%) and y (16.8%) axes. (B) narG transcript TRFs (digestion was
with MaeIII). A variance of 92.6% is covered by the x (67.8%) and y
(24.8%) axes. (C) nosZ TRFs (filled symbols) and nosZ transcript
TRFs (open symbols). Digestion was with HhaI. A variance of 57.3%
is covered by the x (44.6%) and y (12.7%) axes. Abbreviations: G, gut;
CG, crop/gizzard; AC, A. caliginosa; LT, L. terrestris; LR, L. rubellus;
MS, mineral soil; US, uppermost soil.
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nitrate reductase that is constitutive, i.e., expressed during
aerobic growth in the absence of nitrate or nitrite (63, 73). The
narGHJI operon of M. tuberculosis mediates the assimilatory
reduction of nitrate (41), but the nitrate reductase encoded by
this operon might also dissimilate nitrate (63, 73). The detec-
tion of Mycobacterium-related narG transcripts in the earth-
worm gut and wet, uppermost soil suggests that the encoded
nitrate reductase is important for the dissimilation and/or as-
similation of nitrate. narG transcripts retrieved from N2O-
emitting Chironomus plumosus larvae are affiliated with Gram-
negative bacteria rather than Mycobacterium (65).

Actinobacterial narGs and narG transcripts were dominant
in earthworm guts (Fig. 1, 2, and 4; see also Tables S1 and S2
in the supplemental material). Many Actinobacteria reduce ni-
trate, but very few known actinobacterial species are capable of
denitrification (21, 25, 38, 62). Thus, Actinobacteria likely com-
pete with gammaproteobacterial denitrifiers for nitrate in the
earthworm gut and might thereby affect in vivo emission of
nitrogenous gases.

Phylogeny of nosZ. nosZ and nosZ transcripts affiliated
mostly with denitrifying proteobacterial genera common to soil
(e.g., Bradyrhizobium and Pseudomonas) (Fig. 5) (77). nosZ
sequences related to these genera have been retrieved from
soils (20, 30, 52, 66, 76) and earthworm guts (30, 76). Most
nosZ sequences and nosZ TRFs from the earthworm gut were
closely affiliated with B. japonicum USDA 110 (Fig. 2B, 4B,
and 5), a facultative soil denitrifier that can form symbiotic
dinitrogen-fixing associations with soybean roots (2). B. japoni-
cum lacks narG and reduces nitrate via a less oxygen-sensitive
nap-encoded nitrate reductase (2, 44). B. japonicum-related
nosZ sequences have been retrieved from soil (20, 30, 52, 66,
76) and the earthworm gut (30, 76). In addition, Bradyrhizo-
bium-related 16S rRNA gene sequences have been retrieved
from the earthworm gut wall (69). Thus, Bradyrhizobium-re-

lated species might be important members of the transient
denitrifying community in the earthworm gut. The capacity of
B. japonicum to utilize atmospheric N2O (i.e., 0.34 ppm of
N2O) (57) demonstrates that related species might be capable
of not only the production but also the efficient consumption
of N2O.

Effect of earthworm feeding guilds. A. caliginosa consumes
large amounts of mineral soil (17). That some narG TRFs in
the gut of A. caliginosa were also present in mineral soil but not
apparent in the gut of L. terrestris or L. rubellus is consistent
with the tendency of the latter two species to not consume
large amounts of mineral soil. nosZ-related community com-
position also varied among the three feeding guilds (Fig. 2B,
3C, and 4B). Feeding guilds of earthworms can influence 16S
rRNA gene diversity of gut biota (19, 36, 37, 69), underscoring
the importance that feeding guilds might have on the compo-
sition of narG- and nosZ-containing taxa in the earthworm gut.
As noted above, the disruption of large bacteria during gut
passage might contribute to the selective occurrence of smaller
ingested bacteria in the gut (8, 60, 61, 74,). Fluids that are toxic
to certain bacteria are released into the gut lumen of A. caligi-
nosa (10, 35). Such toxic fluids might be dependent on the
feeding guild and contribute to the differences detected in the
present study. Thus, the factors that might contribute to po-
tential feeding guild-dependent differences in gut biota are
complex.

It should be noted that the narG and nosZ primers used in
the current study have limitations relative to resolving nitrate-
reducing and denitrifying taxa. For example, napA encodes a
subunit of a nitrate reductase that is widely spread among
bacteria but is not targeted by narG primers (45, 53). In addi-
tion, nitrous oxide reductases of Gram-positive denitrifiers are
not covered by the nosZ primers. The constraints of these
considerations notwithstanding, the collective findings of the

FIG. 4. TRFLP analysis of earthworm alimentary canal- and soil-derived narG transcripts and nosZ transcripts. (A) narG (digestion was with
MaeIII). (B) nosZ (digestion was with HhaI). Abbreviations: CG, crop/gizzard; AC, A. caliginosa; LT, L. terrestris; LR, L. rubellus; MS, mineral
soil; US, uppermost soil. The legend shows the lengths of the TRFs. Shown are mean values (n � 3).
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present study indicate that the dissimilatory nitrate reducers
and denitrifiers in the earthworm gut are largely soil derived
and that these soil-derived functional groups are subject to a
postingestion stimulation that is influenced by the earthworm

feeding guild. These general conclusions must nonetheless be
weighed against the fact that only a single species was evalu-
ated per feeding guild, thus pointing toward the need to extend
these observations to other earthworm species. The detection

FIG. 5. Phylogenetic tree of representative nosZ sequences obtained from earthworms and soil and the related nosZ sequences. Sequences obtained
in this study are in bold, and accession numbers are in parentheses. The tree is based on 212 translated amino acids. The percentages of replicate trees
in which the associated taxa clustered together in the bootstrap test (10,000 replicates) are shown next to the branches (values below 50% are masked)
(22). The table shows the origin of sequences in each cluster (shaded text) as calculated with DOTUR 1.53. The outgroup was Haloarcula marismortui
ATCC 43049 (AY5962197). Abbreviations: G, gut; AC, A. caliginosa; LT, L. terrestris; LR, L. rubellus; MS, mineral soil; US, uppermost soil.
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of narG and nosZ transcripts that were closely related to se-
quences of uncultured soil bacteria (Fig. 1 and 5) suggest that
novel uncultured narG- and nosZ-containing taxa contribute to
the capacity of ingested soil biota to reduce nitrate and pro-
duce nitrogenous gases during gut passage, likewise emphasiz-
ing the need to bring such organisms into culture so that their
response to the in situ conditions of the gut can be assessed at
the cellular level.
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